Encoding horizontal eye position in the oculomotor system occurs through temporal integration of eye velocity inputs to produce tonic outputs. The nucleus prepositus is commonly believed to be the "neural integrator" that accomplishes this function through the activity of its ensemble of predominantly burst-tonic neurons. Single-unit characterizations and labeling studies of these neurons have suggested that their collective output is achieved through local feedback loops produced by direct connections between them. If this is the case, then the ensemble of burst-tonic neurons should exhibit correlated activity. To obtain electrophysiological evidence of local interactions between neurons, we simultaneously recorded pairs (n ϭ 29) of burst-tonic neurons in the nucleus prepositus of rhesus macaque monkeys using eight-channel linear microelectrode arrays. We computed the magnitude of synchrony between their spike trains as a function of eye position during ocular fixations and as a function of distance between neurons. Importantly, we found that neurons exhibit unexpected levels of positive synchrony, which is maximal during contralateral fixations and weakest when neurons are located far apart from one another (Ͼ300 m). Together, our results support a role for shared inputs to ipsilateral pairs of burst-tonic neurons in the encoding of eye position in the primate nucleus prepositus.
Introduction
The nucleus prepositus is the mammalian oculomotor horizontal velocity-to-position neural integrator (Robinson, 1989; Moschovakis, 1997; Goldman et al., 2002) . It receives inputs from structures that control saccades, pursuit, and gaze-stabilizing reflexes (for review, see McCrea and Horn, 2006 ) and, in turn, sends direct projections to the extraocular motor nuclei. Notably, the responses of nucleus prepositus neurons reflect the dynamic characteristics of the motor plant (monkey: McCrea and Cullen, 1992; McFarland and Fuchs, 1992; Green et al., 2007; cat: LopezBarneo et al., 1982; Delgado-García et al., 1989) , leading to the proposal that its widespread projections distribute a central representation or "efference copy" (von Holst and Mittelstadt, 1950) of horizontal eye movement to the oculomotor system and higher-order centers involved in spatial orientation (cat: McCrea and Baker, 1985b) .
The nucleus prepositus is commonly known as the "oculomotor neural integrator" because it essentially performs a temporal integration of its eye velocity input to generate a sustained eye position signal. Although intrinsic cellular mechanisms, such as active membrane properties, likely contribute to the sustained tonic firing (Delgado-García et al., 2006) , models of the mammalian oculomotor neural integrator typically also include a system of reciprocal connections between burst-tonic neurons (Galiana and Outerbridge, 1984; Cannon and Robinson, 1985; Arnold and Robinson, 1997) . This latter idea is supported by findings that neurons send excitatory collaterals to other neurons in the nucleus prepositus on the same side (for review, see McCrea and Horn, 2006) . Theoretically, because neurons encoding similar information project back onto one another, their input signal is effectively perpetuated. If the nucleus prepositus uses this mechanism for integration, then the activities of ipsilateral pairs of neurons should be related positively with a peak correlation at near-zero latencies. To date, the questions of whether pairs of neurons in the nucleus prepositus display synchronous activity, and if so what role this might have in encoding eye position, have not been addressed.
Accordingly, here we made simultaneous recordings from pairs of neurons in the primate nucleus prepositus. On average, correlations on a 1 ms timescale were significant with zero lag and greater than predicted by the fact that neurons similarly encode eye position. However, our analysis further revealed that the robustness of this excess synchrony decreased with increasing ipsilateral eye position, suggesting that neuronal activity was actually the least synchronized when the neurons were most active. Notably, the strength of the correlation also significantly decreased with increasing distance between neurons. This mechanism has analogies with the fish homolog of the nucleus prepositus, in which positive correlations between neuron pairs also vary with eye position (Aksay et al., 2003) and are strongest between nearby neurons (Miri et al., 2011) . The temporal resolution of our re-cordings also enabled us to further this latter result by revealing the existence of millisecond synchrony between neighboring neuron pairs. Thus, overall, our present results provide new insight into the global functional connectivity of the primate nucleus prepositus by demonstrating behaviorally dependent changes in synchrony during coding of eye position that likely reveal a strategy common across vertebrates.
Materials and Methods
Experimental procedures outlined below were approved by the McGill University Animal Care Committee and are in compliance with the Canadian Council on Animal Care guidelines.
Surgical procedures. Two rhesus monkeys (Macaca mulatta, one male one female) underwent aseptic surgery in preparation for acute extracellular recordings. The details of surgical treatment were identical to those described previously (Dale and Cullen, 2013) : under surgical levels of isoflurane anesthesia (0.8 -1.5%), monkeys were implanted with a stainless steel head post and a recording chamber positioned with a 30°pos-terior angle and a 26°lateral angle over the nucleus prepositus. The implants were chronically secured to each animal's skull with stainless steel cortical screws and dental acrylic. In addition, each monkey was implanted with an 18 mm eye coil (three loops of Teflon-insulated stainless steel wire) behind the conjunctiva of one eye (Fuchs and Robinson, 1966) . Monkeys received buprenorphine (0.01 mg/kg, i.m.) as postoperative analgesia, and the antibiotic cefazolin (25 mg/kg) was injected twice daily for 10 d. Animals were given at least 2 weeks to recover before beginning experiments.
Behavioral paradigms. Throughout recordings, monkeys were seated, head restrained, in a primate chair fixed to a vestibular turntable in the center of a 1 m 3 magnetic field coil (CNC Engineering). Monkeys were trained, using juice reward, to look at a red helium-neon laser that projected via two galvanometer controlled mirrors onto a cylindrical screen located 55 cm away from their eyes. The position of the target was controlled through REX, a QNX-based real-time data acquisition system (Hayes et al., 1982) .
To elicit saccades and periods of fixation, the laser target was stepped randomly to horizontal positions between Ϫ30 and 30°. Neuronal responses were also confirmed during smooth pursuit eye movements (sinusoidal target motion, 0.5 Hz; peak velocity, Ϯ40°/s) and eye movements driven by the vestibulo-ocular reflex during whole-body rotations (0.5 Hz, Ϯ40°/s) in the dark.
Data acquisition. The nucleus prepositus was targeted relative to the abducens nucleus, which was identified by the typical "singing beehive" sound of its discharge during spontaneous eye movements (Fuchs and Luschei, 1970; Robinson, 1970) . All of the neurons recorded in this study were isolated at sites at least 2 mm posterior to the abducens nucleus, which ensured that they were located outside this nucleus. Extracellular single-unit activity of burst-tonic neurons consistent with that previously characterized in the monkey nucleus prepositus (McCrea and Cullen, 1992; McFarland and Fuchs, 1992; Cullen et al., 1993; Sylvestre et al., 2003; Dale and Cullen, 2013 ) was recorded using a linear microelectrode array (LMA; MicroProbes) with eight 12.5-m-diameter recording sites (ϳ1 M⍀ impedance) spaced 50 m apart (Figs. 1A1,B1 ). Signals from each recording site were bandpass filtered from 300 Hz to 3 kHz and sampled on distinct data channels at 30 kHz. Gaze and head position were measured continuously using the magnetic search coil technique (Fuchs and Robinson, 1966; Judge et al., 1980) , low-pass filtered at 250 Hz, and acquired at 1 kHz. Eight channels of neural data plus all behavioral data were collected through the Cerebus Neural Signal Processor (Blackrock Microsystems).
After recordings, each channel of neural data was imported into Offline Sorter (Plexon) for channel-by-channel analyses. For each channel with an isolated neuron, high-pass-filtered (300 Hz) voltage traces were marked at a positive (or negative) threshold and snipped in a 700 s window around each threshold crossing to obtain characteristic waveforms of the action potentials of the neuron. These waveforms were then aligned on their voltage peak (or trough) and sorted via the proprietary principal components analysis method of the software into clusters corresponding to the neuron(s) and background activity. The time stamps associated with the waveforms of a given neuron were later used to generate a binary (0, no spike; 1, one spike) vector of the unit activity of the neuron with a 1 ms bin width (UA).
Data analysis. Neural and behavioral data were analyzed in the MATLAB (MathWorks) programming environment. Behavioral signals were digitally filtered at 125 Hz, and then an eye position signal was generated by computing the difference between gaze and head position. Eye, gaze, and head-position signals were then digitally differentiated to obtain velocity signals. An estimated firing rate signal for each neuron was also generated by convolving a Gaussian function (5 ms SD for assessment of bursts, 10 ms for fixation and smooth eye movement analysis) with the unit activity.
Burst-tonic neurons were initially selected for increased firing rate during ipsilaterally directed eye position and eye velocity. Saccadic eye movements were isolated using a 20°/s velocity threshold. To determine the eye position sensitivity of each neuron, we pooled epochs of headfixed, ocular fixation lasting at least 300 ms and that began at least 50 ms after the offset and ended at least 50 ms before the onset of a spontaneous saccade. Horizontal eye-position sensitivities are reported as the slope of a linear regression between mean firing rate of a given epoch and the fixation position of that epoch over at least 40 fixations (Figs. 1A2,B2 ). The correlation coefficient between the mean firing rates of two neurons across all fixations was computed as signal correlations ( Fig. 2A) .
To specifically investigate local connections between neurons in the nucleus prepositus, we performed all analyses reported in Results on neuronal responses during periods of head-fixed ocular fixation. In our analysis, responses were binned as a function of the corresponding eye position in 5°bins centered at 0 and Ϯ5, 10, 15, and 20°.
The cross-correlation between two neurons was calculated using the MATLAB function xcorr as follows:
where UA 1 and UA 2 correspond to the unit activities of the neurons, and is measured in 1 ms windows. The subscript a denotes the fixation epoch from which the unit activity is being used, T a is the length of the fixation epoch (here, we truncated each fixation to be of equal length, so T is always 300 ms), and the final term scales to give a result that is unbiased to the amount of data across all lags (unbiased option in MATLAB). We calculated the level of synchronous activity between the two neurons as C 1 (0) (Fig. 2B , top, left side). Note that we ensured that both neurons were firing in all fixation epochs analyzed for each fixation bin. Also, the labeling of neuron 1 and neuron 2 was chosen in order of LMA channel numbering and Offline Sorter unit numbering, and the same analysis could have been computed with the neuron labels reversed.
We used the shuffle predictor approach (Perkel et al., 1967) to compute an estimate of the synchrony between two neurons that is not attributable to their typical firing patterns. First, the raw cross-correlation between the two neurons was computed using Equation 1 for each epoch in a given fixation bin and taking the average cross-correlation over all epochs. Next, we calculated an estimate of the probable or "expected" level of correlations by computing the cross-correlation using shuffled fixation epochs (Perkel et al., 1967) :
where T ϭ 300 ms, and the subscript b corresponds to a resampled (without replacement) sequence of the epochs within the same fixation bin. Note that Equations 1 and 2 differ only in the subscript b in place of a corresponding to epoch b from the second neuron that is being compared with epoch a from the first neuron (Fig. 2B , right side). By calculating the average and SD of C 2 (0) for shuffled epochs across 100 independent shuffle operations, we achieved an estimated range for the expected level of synchrony between the two neurons for that fixation bin (Fig. 2B, bottom) . Finally, to compute the "unexpected" coincident spikes between the two neurons, we found the difference between the average raw cross-correlation and the average shuffled cross-correlation. This value is used to define excess synchrony reported in Results below (Fig. 2B, bottom) . If the average raw cross-correlation fell outside 2 SDs of the average shuffled cross-correlation, i.e., if the value C 1 (0) Ϫ [C 2 (0) ϩ 2 ϫ SD] was nonzero, we reported significant excess synchrony. Unless noted otherwise, results are reported as mean Ϯ SD. Statistical significance was determined by Student's t test.
Results
In this study, we simultaneously recoded from pairs of bursttonic neurons in the nucleus prepositus (n ϭ 29 pairs) to better understand whether and how interneuronal synchrony across the population plays a role in encoding eye position. First, we demonstrated the presence of zero-lag correlations between the firing of burst-tonic neurons that exceeded the level of correlation expected as a result of the highly correlated firing rates of these neurons (i.e., excess synchrony). Next, we considered spike trains recorded during ocular fixations at different positions to determine whether there is a relationship between the magnitude of this excess synchrony and the functional output of the nucleus prepositus (i.e., eye position). Finally, we quantified differences in correlations for pairs of nearby versus distant neurons to investigate how connectivity between the neurons affects the magnitude of excess synchrony.
Pairs of prepositus neurons exhibit excess synchrony
We initially confirmed that the response of each individual neuron was consistent with that of the burst-tonic neurons shown previously to constitute the majority of neurons within the nucleus prepositus (McFarland and Fuchs, 1992; Cullen et al., 1993; Sylvestre et al., 2003; Dale and Cullen, 2013) . Figure 1 shows the firing rates and corresponding spike trains from two example pairs of simultaneously recorded neurons: one pair was recorded on LMA channels 3 and 5 (i.e., ϳ100 m apart, near pair; Fig.  1A ), and the other pair was recorded on channels 2 and 8 (i.e., ϳ300 m apart, far pair; Fig. 1B ). All four neurons were typical in that they fired a burst of activity immediately before ipsilateral saccades (Fig. 1, arrows) , and that their tonic firing rate encoded eye position during ocular fixations (Fig. 1A1,B1 , colored fixation epochs). We quantified the sensitivity of each neuron to eye position as the slope of the best-fit line through a scatter plot showing the average firing rate versus eye position across all fixations. As expected based on previous analyses of burst-tonic neurons, the two neurons in the example near pair (Fig. 1A2 ) and the two neurons in the example far pair (Fig. 1B2) were each characterized by significant, positive eye-position sensitivity [population average, k ϭ 2.5 Ϯ 1.0(spikes/s)/°].
Because they share a linear relationship to eye position, the firing patterns of any two burst-tonic neurons should, probabilistically, be highly correlated. Figure 2A shows the trend of the mean firing rate of neuron 2 versus the mean firing rate of neuron 1 across fixation epochs for each pair in our sample. Indeed, as expected from their positive eye-position sensitivities shown in Figure 1 , A2 and B2, both of the example pairs exhibited significant positive correlation between the changes in their firing rates with eye position. Across our population, all recorded pairs had significant positive linear regressions between their firing rates during fixations ( Fig. 2A ; on average, slope of 0.64 Ϯ 0.41, R 2 ϭ 0.63 Ϯ 0.26, p Յ 0.03).
We next computed cross-correlations between the spike trains of these same pairs of neurons to determine whether their firing further showed near-zero-lag correlations, indicative of synchrony. Figure 2B illustrates the raw cross-correlation between the two example pairs of neurons (Eq. 1; Fig. 2B , top, left) and an estimate of their expected cross-correlation (shuffled; Eq. 2; Fig.  2B , top, right) from responses recorded during ocular fixation with the eyes centered. We typically observed a positive peak in the raw correlation at zero lag and hereafter use the value of the correlation measured at this lag as a measure of synchrony. For the majority of pairs in our sample (17 of 29), the crosscorrelation of the raw spike trains [C 1 (0) in Materials and Methods] significantly exceeded that of the shuffled spike trains [C 2 (0) in Materials and Methods]. Notably, this difference (i.e., excess synchrony) was significant for the example near pair but not the example far pair (Fig. 2B, bottom) . We further discuss this difference below.
Synchrony between prepositus neurons is greatest for contralateral eye positions
To determine whether there is a relationship between the magnitude of excess synchrony and the functional output of the nucleus prepositus (i.e., eye position), we next quantified correlations between spike trains for each pair of burst-tonic neurons during ocular fixation at different positions. Figure 3A shows crosscorrelations computed for the example near pair of burst-tonic neurons at different eye positions (note that ocular fixations spanning from contralateral to ipsilateral are represented by colors ranging blue to red). First, as anticipated from the parallel increases in firing rate for the two neurons as a function of increasing ipsilateral eye position ( Fig. 2A) , we found that the average strength of the raw correlation systematically increased (i.e., from blue to red). Importantly, however, although the raw correlation between the two neurons typically fell within the expected range of correlation, most correlograms also depict large excess peaks in the raw correlation near zero lag. Notably, we found that, in contrast to expected correlation, the level of excess synchrony for the example near pair steadily decreased with increasing ipsilateral eye position. This trend is apparent for the example correlations shown in the magnified traces in Figure 3A . Specifically, we found that the average excess synchrony was Figures 1 and 2 depict the anticipated increase in expected correlations from contralateral to ipsilateral eye positions (1.6 and 6.8 coincidences/s) but generally nonsignificant positive excess synchrony (0.08 and 1.4 coincidences/s), quantified for all eye positions in the inset. C, Sample summary of the trend in expected correlations: pair by pair, the average magnitude of expected correlations is greater for the most ipsilateral fixation epochs compared with the most contralateral fixation epochs for near pairs (black circles), far pairs (white circles), and pairs at intermediate spacing (gray circles, dashed line shows unity). D, Sample summary of the trend in excess correlations: pair by pair, the average magnitude of excess correlations is greater for the most contralateral fixation epochs compared with the most ipsilateral fixation epochs. Far pairs (white circles) exhibit the lowest excess synchrony overall. maximal for the most contralateral (dark blue) fixations and then systematically decreased over the entire range of eye positions tested (Fig. 3A, inset) . A comparable analysis of our example far pair also produced a predictable increase in cross-correlations from activity during contralateral fixations to ipsilateral fixations (Fig. 3B , blue to red shaded bands). Interestingly, however, the example far pair did not reliably exhibit significant peaks in the raw correlations near zero lag (Fig. 3B , magnified example traces). Accordingly, as shown in the inset of Figure 3B , there was not a significant linear relationship between excess synchrony and eye position for the far neuron pair. This apparent distinction will be addressed in the next section. Figure 3 , C and D, summarizes the above findings for all of the pairs in our population. Specifically, when we plotted the average expected correlation between each pair at the most ipsilateral fixation position (15 to 20°) versus that at the most contralateral fixation positions (Ϫ15 to 20°), nearly all data fell above the unity line (Fig. 3C) . This demonstrates that, as predicted by Figure 2A , there is a positive relationship between expected correlations and ipsilateral eye position because the firing rates of two neurons both increase as a function of increasing ipsilateral eye position. In contrast, a corresponding pair-by-pair plot of average excess synchrony (Fig. 3D ) depicts most data points below the unity line, indicating a negative relationship between excess synchrony and ipsilateral eye position. We note that, although the distributions of the expected correlations of near and far pairs of bursttonic neurons overlapped (Fig. 3C) , there appeared to be a distinction between their excess synchrony (Fig. 3D) . We next sought to address whether or not this was the case.
Nearby prepositus neurons exhibit the greatest excess synchrony
To quantify how the positive excess synchrony observed between burst-tonic neuron spike trains depended on how far apart they were recorded along the LMA, we computed excess synchrony at three fixation positions (extreme contralateral, centered, and extreme ipsilateral) for pairs grouped as having been recorded zero to one, two to three, four to five, or six to seven channels apart (50 m spacing). If excess synchrony between nucleus prepositus neurons is caused by shared input, we would expect the spatial extent of excess synchrony to correspond to that of the input. Indeed, we found that, for each representative eye position, the amount of excess synchrony between neurons (computed as a percentage of spikes to facilitate comparison across pairs) decayed exponentially as a function of the increasing distance between them (Fig. 4) . This suggests that nearby neurons are more strongly related than those farther apart, which is in agreement with previous suggestions of a chain of neurons in the nucleus prepositus wherein each neuron is connected with its nearest neighbors (Escudero et al., 1992) . At the same time, we found that the overall level of excess synchrony across the ensemble of pairs decreased from contralateral to ipsilateral fixations (Fig. 4) as discussed above. Thus, our results establish that burst-tonic neurons in the primate nucleus prepositus exhibit correlated activity that covaries with both the functional output of the nucleus (i.e., eye position) and their anatomical proximity, thereby providing new insight into the functional organization within the nucleus prepositus.
Synchrony between abducens motoneurons does not change with eye position
We conducted a comparable analysis of seven pairs of abducens motoneurons, each recorded Ͻ100 m apart, to determine whether the presence of localized excess synchrony is common to all neurons that have burst-tonic firing patterns or instead is unique to the nucleus prepositus. In agreement with the encoding of ipsilateral eye position by abducens motoneurons (Fuchs and Luschei, 1970; Robinson, 1970; Sylvestre and Cullen, 1999) , we found that all pairs showed significant positive correlations that increased with increasing ipsilateral eye position. Furthermore, the abducens pairs exhibited peaks in their crosscorrelations at zero lag as a result of excess synchrony. Interestingly, however, we saw no significant trend in excess synchrony across eye positions (Fig. 4, black squares) , which contrasts with our sample of nucleus prepositus neuron pairs recorded at a similar distance (i.e., near pairs; Fig. 4 , distance zero to one). Pairs of abducens motoneurons are only comparable with their nucleus prepositus counterparts for extreme ipsilateral fixations (Fig. 4, right) in which their excess synchrony is the lowest. . Burst-tonic neuron pairs (circles) grouped by the distance between them (i.e., number of spaces between the LMA channels on which they were isolated). There is an exponential decay in average excess synchrony measured for contralateral (left), central (middle), and ipsilateral (right) fixation epochs with increasing spacing. *p Ͻ 0.05, significant difference from the average for pairs spaced zero to one channels apart. Squares represent corresponding data from seven pairs of abducens motoneurons. Abducens neurons show no change from contralateral to central to ipsilateral fixations (average excess synchrony, 3.6 Ϯ 1.0, 4.4 Ϯ 0.8, and 3.7 Ϯ 0.8%, respectively), which contrasts with the population of nucleus prepositus neurons (average excess synchrony, 7.2 Ϯ 1.5, 6.3 Ϯ 1.7, and 3.2 Ϯ 0.9%, respectively). Note that the level of excess synchrony is only comparable between the two sample populations for ipsilateral fixations ( p ϭ 0.19). Error bars show SEM.
Discussion
In this study, we used LMAs to simultaneously record ipsilateral pairs of burst-tonic neurons in the primate nucleus prepositus during ocular fixation in the horizontal plane. Analyses were designed to determine whether these neurons exhibit correlations in firing and to investigate what factors influence the level of correlation. Our results demonstrate that pairs of neurons exhibit synchrony at zero lag exceeding that expected from their typical eye-position sensitivity by ϳ7% of total spikes. Furthermore, we show that this excess synchrony is greatest when neurons encode more contralateral eye positions and least for more ipsilateral eye positions. When we further considered the ensemble of prepositus neurons, we found that the level of excess synchrony was inversely related to the distance between the two neurons in a pair. In contrast, although on average neighboring abducens motoneurons showed ϳ4% excess synchrony, the magnitude did not vary with eye position. The results demonstrated here provide electrophysiological evidence supporting two possible sources for synchrony between burst-tonic neurons in the nucleus prepositus-direct, intrinsic, ipsilateral connections between neurons and shared extrinsic inputs to multiple neuronsboth of which have been described previously through anatomical studies (monkey: Belknap and McCrea, 1988; cat: McCrea and Baker, 1985a,b) . Additionally, our findings suggest a common strategy for neural integration in the mammalian nucleus prepositus and its non-mammalian (goldfish: Aksay et al., 2003; zebrafish: Miri et al., 2011) homologs.
Anatomical influences on nucleus prepositus synchrony
In the present study, our quantification of excess synchrony revealed that pairs of nucleus prepositus burst-tonic neurons fire more coincident action potentials than expected based on probability estimates from their shared linear relationship to eye position. Our observation of a strong correlation at near-zero lag further suggests either direct connections between the two neurons or a common input to both (Perkel et al., 1967) . Previous anatomical and electrophysiological studies have provided evidence for each of these two possibilities. First, although to date there is no indication of electrotonic coupling in the nucleus prepositus (Condorelli et al., 2000) , intracellular labeling and single-unit characterizations have demonstrated the presence of intrinsic, ipsilateral, excitatory projections between individual neurons (McCrea and Baker, 1985a,b; Delgado-García et al., 1989; Escudero et al., 1992) . These direct connections could provide a substrate for synchronizing action potentials within 1 ms (Highstein, 1973) between two nearby neurons. Second, projections from neurons elsewhere in the brainstem provide a shared common input consistent with our observation that neighboring neuron pairs are more synchronized. In particular, the collaterals of excitatory premotor projections from the contralateral vestibular nuclei terminate in the nucleus prepositus over a span of ϳ200 m (McCrea et al., 1987, their Fig. 10 ). This range corresponds well with the spatial extent of excess synchrony measured in the present study (Fig. 4) . Thus, our findings reveal electrophysiological evidence consistent with shared common inputs to and local synaptic connections between pairs of neurons in the nucleus prepositus.
Nucleus prepositus synchrony and the encoding of eye position
In our analysis of correlated activity between neuron pairs, we further found that the amount of excess synchrony decreased for encoding ipsilateral versus contralateral eye position (Figs. 3, 4) . Theoretically, any external common input could produce such trends in excess synchrony, through either modulation of the input itself or increases in its relative influence as surrounding activity in the nucleus prepositus decreases. Notably, the common input from the vestibular nuclei mentioned above encodes eye position with the same directionality as the recorded bursttonic neurons, which would lead to increased excess synchrony during ipsilateral fixations-a prediction not supported by our results. Moreover, although there is a striking similarity between external inputs to abducens and prepositus (McCrea and Horn, 2006) , abducens motoneurons do not exhibit any eye positionrelated changes in excess synchrony (Fig. 4) . Thus, we suspect that the behaviorally related synchrony we observe in the prepositus is mediated by intrinsic circuitry. For example, local excitatory connectivity within the prepositus could potentially regulate the influence of external inputs and produce the eye position-dependent trends shown here. Furthermore, there is an important source of common input within the prepositus, namely strong inhibitory projections from the contralateral nucleus prepositus, which arborize within confined areas (McCrea and Baker, 1985b; Escudero and Delgado-García, 1988) . Figure 5 shows a schematic of this latter scenario, in which common inhibitory input hypothetically contributes to increasing excess synchrony between nearby neurons. Recall that neighboring neu- Figure 5 . Schematic of the intrinsic connectivity hypothesized to play a role in synchrony within the nucleus prepositus. During extreme contralateral ocular fixation (left), ipsilateral burst-tonic neurons exhibit relatively low firing rates (paler colors) but relatively high excess synchrony (redder color, coded according to correlation with the black neuron). Synchrony could be the result of (1) local projections (small arrows), but the results of the current study are more consistent with (2) common input (thick black line) arising from the contralateral nucleus prepositus, which is firing at its strongest. During extreme ipsilateral fixations (right) when the projection from the contralateral nucleus prepositus is weaker (gray line), ipsilateral burst-tonic neurons exhibit weaker excess synchrony (bluer colors) despite high firing rates (darker colors). contra, Contralateral; FR, firing rate; ipsi, ipsilateral; NPH, nucleus prepositus hypoglossi.
ron pairs exhibit the least excess synchrony during "on" direction (i.e., ipsilateral) ocular fixation (Figs. 3, 4) . Because neural activity in the contralateral nucleus prepositus reverses that of our recorded population, the common drive from the contralateral nucleus prepositus would be minimal ("off") in this condition (Fig. 5, ipsilateral fixation) . Similarly, excess synchrony was maximal when recorded neuronal firing rates were weakest and the common input from contralateral burst-tonic neurons would be strongest (Fig. 5, contralateral fixation) . Seung et al. (2000) predicted that continuous output from an ipsilateral population of eye position-encoding neurons produces the most sustained behavior. Based on our current results, we propose that decreased synchrony during ipsilateral eyeposition encoding distributes action potentials in time, resulting in the most constant population output. This idea is further supported by Aksay et al. (2007) , whose results suggest that the ipsilateral neuronal population locally performs velocity-to-position integration, whereas gated inhibition between the ipsilateral and contralateral nuclei helps to coordinate the two sides. Specifically, simulations implied that projections from the contralateral nucleus prepositus will provide common, synchronizing input to their target neurons when their own firing is strongest (i.e., during contralateral fixations). Together with the present results, these findings suggest that common inhibitory inputs contribute to successful ipsilateral eye-position encoding through modulated synchrony.
Synchrony in the neural integrator
Analogous to mammals, fish display eye-movement behaviors requiring neural integration to maintain the position of the eyes (e.g., fixations or slow, smooth movement in response to vestibular stimulation and/or visual scene motion), and the structure that accomplishes this integration, area I, is homologous to prepositus in that it mainly comprises eye position-encoding neurons with a large range of firing rate sensitivities to eye movement (monkey: McFarland and Fuchs, 1992; goldfish: Aksay et al., 2000; Debowy and Baker, 2011; for review, see Joshua and Lisberger, 2014) . Paired recordings from area I have provided evidence for synchronous firing between neurons in this structure (Aksay et al., 2003) . Notably, consistent with our findings in the primate neural integrator, synchrony between area I neurons is higher during contralateral than ipsilateral fixations. Furthermore, using calcium imaging, Miri et al. (2011) observed graded levels of correlation across the zebrafish oculomotor neural integrator that corresponded to the relative proximity of two neurons. This demonstration of particularly strong correlations between neighboring neurons could reflect direct connections between them (Aksay et al., 2001) or input projections targeting many neurons in a confined area.
Our results from electrophysiological recordings across the primate nucleus prepositus further this existing work by demonstrating that synchrony (i.e., coincident spiking) depends on the distance between neurons. Moreover, the present results not only provide new insight into the intrinsic architecture of the neural integrator in mammals but also validate the use of models built with an understanding of intrinsic connections from data in fish. However, it is important to note that the primate nucleus prepositus comprises more neurons than its fish counterpart and functions over a larger oculomotor range and across a broader scope of oculomotor control (i.e., smooth pursuit and vergence eye movements). Thus, additional studies are required to determine the comparability of circuit dynamics between the primate nucleus prepositus and its fish homologs.
Our finding that the level of synchrony within the mammalian nucleus prepositus correlates with eye position in a manner comparable with that observed in fish suggests a common strategy for the generation of persistent tonic firing. Interestingly, we did not observe the same eye-position dependence in synchrony between abducens motoneurons, which receive direct nucleus prepositus input and also display persistent tonic firing during ocular fixation (Fig. 4) . This finding further supports our proposal that the decreased excess synchrony we observed between neighboring nucleus prepositus neurons for contralateral versus ipsilateral fixation is not simply a common feature of neurons that encode eye position but instead arises as a result of the intrinsic architecture of the oculomotor neural integrator.
Conclusions
In summary, our results demonstrate the presence of excess synchrony in the spike trains of simultaneously recorded burst-tonic neurons in the primate nucleus prepositus. Specifically, we have shown that (1) although firing rate increases for ipsilateral fixations, excess synchrony is reduced, and (2) nearby pairs of neurons exhibit greater excess synchrony than more distant pairs. The excess synchrony we observed could be caused by both direct intrinsic connections between and common input to pairs of neurons. However, we suggest that behaviorally related changes in excess synchrony are likely attributable to shared contralateral inhibitory input among burst-tonic neurons within a limited area. We speculate that the regulation of this input is an important component of maintaining sustained eye-position information that is used by the rest of the brain.
